Feeding of high-concentrate diets to cattle increases the risk of subacute ruminal acidosis (SARA). Indwelling wireless pH sensors have become popular as an early diagnostic tool for SARA recently. However, the recommended pH thresholds of SARA derive from measurements taken from free-rumen liquid (FRL) in the ventral rumen, and not from the reticulum, where the mentioned sensors are located. The aim of this study was to evaluate commercially available indwelling pH boli for the accuracy and precision in predicting ruminal pH of FRL and the particle-associated rumen liquid (PARL) under varying dietary concentrate levels. An additional aim was to define SARA pH thresholds of indwelled pH boli, which can be used for SARA diagnostics. The experiment was conducted with eight nonlactating rumen cannulated Holstein cows fed 0% or 65% concentrate. Data showed that the mean pH of indwelled boli was consistently higher than in FRL and PARL (pH 6.62 AE 0.02, 6.43 AE 0.02 and 6.18 AE0.02, respectively) across feeding regimens. Interestingly, the diurnal differences in pH among indwelled boli, FRL and PARL became greater during concentrate feeding, especially at 8 h after the morning feeding, suggesting that with high-concentrate diets a particular adjustment of reticular sensor pH vs. ruminal pH in FRL and PARL is needed. The concordance correlation coefficient analysis, representing the reproducibility of the bolus measurements, was high for bolus-FRL (0.733) and moderate for bolus-PARL (0.510) associations. Furthermore, the quantitative relationship of the pH in FRL and PARL to the pH of the boli was described by linear regression analysis. The study determined that the common SARA threshold of pH 5.8 in FRL corresponds to a bolus pH of 6.0.
Introduction
Feeding of diets rich in easily fermentable carbohydrates has become common practice in dairy cattle nutrition, increasing the risk of subacute rumen acidosis (SARA). Due to only nonpathognomonic signs like intermittent drop of feed intake, decreased milk fat production or intermittent diarrhoea, as well as delayed clinical signs such as laminitis and vena cava syndrome, the diagnosis of SARA is mainly based on monitoring paraclinical parameters (Plaizier et al., 2008) . Among them, the measurement of the ruminal pH has been suggested the most accurate method (Enemark, 2008) , whereby the risk of SARA is known to increase when ruminal pH drops below 5.8 for more than 5-6 h/day (Zebeli et al., 2008a) or below 5.6 for more than 3 h/day (Plaizier et al., 2008) .
Permanent, indwelling pH measurement systems have become more popular during the last years to monitor pH and ensure early diagnosis of SARA. The eCow bolus, a telemetric pH and temperature sensor, is one of those systems (Mottram et al., 2008) . The oral insertion with a balling gun also allows usage in nonfistulated cows. In comparison with single measurements, the indwelling systems provide continuous pH data and can therefore detect diurnal pH changes, thus helping in diagnosing SARA better than single measurements via rumenocentesis or rumen cannula.
However, the pH thresholds of SARA are based on the pH in the rumen itself, more precisely on measurements in the ventral liquid phase (Zebeli et al., 2012) , whereas the indwelling boli commonly end up staying in the reticulum, thus providing pH data from the reticulum, not the rumen (Mottram et al., 2008) . In the rumen, digesta separates into the ventral fluid phase with loose and small-sized particles (free-rumen liquid, FRL), a middle thick-packed rumen mat, containing large feed particles and their associated rumen liquid (PARL), and a dorsal gas cap (Zebeli et al., 2012) . Due to higher nutrient availability for microbial degradation and greater microbial density in the rumen mat, concentration of volatile fatty acids (VFA) is higher in PARL, leading to a lower pH in the PARL than in the FRL (Zebeli et al., 2008b (Zebeli et al., , 2012 . These circumstances demonstrate that a single rumen-sampling location is not enough to accurately reflect the whole reticuloruminal-environment. Although pH difference between the reticulum and the rumen have been described before (Klevenhusen et al., 2014; Falk et al., 2016) , to the authors best knowledge, there was no study performed to evaluate the eCow bolus as a continuous measurement system regarding the pH differences with two rumen locations (i.e. FRL and PARL) in cows fed both roughage-based and highconcentrate diets in a long-term feeding experiment. The objective of this study was to evaluate the reproducibility of the permanent pH measurement system eCow to predict pH values in the FRL and PARL under different feeding conditions. Further, this study quantified the relationship between pH measurements via boli and the pH of different locations in the rumen aiming to estimate rumen pH from reticular pH and hence improve SARA diagnosis using wireless sensors.
Materials and methods

Animals, diets and feeding experiment
All procedures involving animal handling and treatment were approved by the institutional ethics committee of the University of Veterinary Medicine (Vetmeduni) Vienna and the national authority according to §26 of the Law for Animal Experiments, Tierversuchsgesetz 2012-TVG (GZ: BMWFW-68.205/ 0023-WF/V/3b/2015).
Eight rumen cannulated (100 mm i.d.; Bar Diamond, Parma, ID) nonlactating Holstein cows with an average body weight of 863 AE 65 kg were used for this experiment. Cows were housed together in a freestall barn with straw beddings. To evaluate the differences of the pH in various feeding conditions, cows were first fed roughage-only diet (RD) based on hay and grass-silage mix, 50:50 on DM basis for one wk. After that, cows were transitioned stepwise during one wk to a 65% concentrate level (DM basis), followed by feeding on this level for another week (Conc I). Thereafter, cows were abruptly switched back to the initial roughage-only diet for 1 week. Then, after two-day stepwise transition, they were fed again on 65% (DM basis) concentrate level diet (Conc II) for 2 weeks (Fig. 1) . This feeding regime was repeated in four consecutive runs with all cows to obtain long-term evaluations and also enough statistical power for the analysis. After each run, 3 weeks of washout with pasture and roughage only followed, to give cows time to convalesce. Fresh roughage diet was prepared with an automatic feeding system (Trioliet Triomatic T15, The Netherlands) and offered twice per day at 08:00 and 14:00. Chemical analysis of the roughage mix resulted in 49.9% dry matter (DM), 91.5% organic matter (OM), 12.9% crude protein (CP), 54.0% neutral detergent fibre (NDF), 34.5% acid detergent fibre (ADF), 1.6% ether extract and 23.1% nonfibre carbohydrates (NFC) (DM basis). The concentrate mix contained as main components barley (33%), wheat (30%), canola seed meal (16%) and maize (15%), with 89.5% DM, 95.6% OM, 15.8% CP, 15.9% NDF, 7.4% ADF, 2.9% ether extract and 61.0% NFC (DM basis). Fresh concentrate was offered daily from 10 AM on. This two-hour delay of concentrate feeding ensured sufficient roughage intake by the cows to avoid acute decrease in pH. The exact feed intake of each cow was controlled and registered via individual feeders with electronic weighing scales and computer-regulated access gates (Insentec B.V., Marknesse, The Netherlands). The diet was offered semiad libitum, based on a DM amount of 1.3-1.9% of BW in the RD, whereas thereafter the DM allowance was elevated to 1.4-2.0% of BW, resulting in 10.5-14.5 kg total DMI per cow and day. Cows had free access to water and a salt-lick stone.
Measurements of reticular and ruminal pH
The reticular pH was continuously measured with eCow Farmer bolus (eCow, Dekon, UK) during the whole experiment. The Farmer bolus is 135 mm long, 27 mm in diameter and weighs 150 g. The pH and temperature sensor resides in a punctured stainless steel end cap to protect the sensor on the one hand and allow appropriate rumen liquid flow around the sensor on the other hand (Fig. 2 ). This end of the bolus is weighted to encourage the bolus to sink to the bottom of the reticulum and hold an upright position there, to allow constant measurement at the same location. The bolus measures pH and temperature every minute and provides 15-min summaries as raw data. Each cow received one bolus 3 days before the beginning of an experimental run. The boli were calibrated in pH 4.0 and 7.0 buffer solutions (Sigma Aldrich, Vienna, Austria) according to the eCow manual (available on: http://www.ecow.co.uk), before inserted into the reticulum via the rumen cannula. Upon manufacturer's recommendation, each bolus was recalibrated after the first 24 h staying in the reticulum. During the trial the boli were calibrated at least after every 30 days or when showing signs of drift (for example, stepwise incline of pH). Boli that were out of the recommended ADC-pH-reading range (for low point reading at pH 4.0: 1300-1600; for high point reading at pH 7.0: 300-600) or differed more than AE0.2 pH units from buffer 4.0 or 7.0, were excluded from the experiment. These provisions should ensure accurate readings over a long period of time. Configuration setting and data download were carried out using eCow software (HathorHBClient 1.8.1) installed on the eCow handset, which consisted of a smartphone (Motorola Moto G, Motorola Mobility LLC, Chicago, IL, USA) and a connected antenna (Fig. 2) . The time window, during which communication to the boli and data download was possible, was set down to four hours per day and the radio-on time, representing the time span the handset needs to connect to the bolus, to 60 s, to save battery life. Data download was performed every day to monitor pH trend during the feeding model. The raw files, containing information about pH, temperature and battery voltage, were uploaded from the smartphone onto a computer via an USB cable. During the washout the boli were taken out of the rumen and stored in eCow storing solution or tap water to save battery life. Failing or drifting boli were replaced within approximately 5 days. The position of the bolus in the reticulum was confirmed throughout the whole trial.
To measure the pH in the FRL, approximately 500 ml of rumen liquid was withdrawn from the ventral rumen sac with a rumen pump (Ruminator, Profs Products, Wittibreut, Germany) into a glass jar and transferred into a plastic container. The pH was measured immediately with a portable pH meter (SG2-SevenGo, Mettler Toledo, Vienna, Austria). Approximately 500 g of solid digesta from the middle (15-20 cm below the surface) of the rumen mat was collected. The digesta was manually squeezed, approximately 250 ml of the liquid associated with particles (i.e. PARL; Zebeli et al., 2008b) was collected in a plastic container, and the pH was immediately measured. The portable pH meter was calibrated in pH The whole experiment consisted of four consecutive runs; RD, roughage-only diet consisting of hay-grass-silage mix 50:50% DM; Transition I, stepwise elevation of the concentrate level within 6 days; Conc I, a concentrate level of 65% DM in the diet was fed for 1 week; Transition II, stepwise elevation of the concentrate level within 2 days; Conc II, concentrate level of 65% DM was fed for 2 weeks; Washout, between each run cows were fed pasture and forages for 3 weeks. 4.0 and 7.0 (Mettler Toledo technical buffer, Austria) on each sampling day before the first sampling started. During RD the sampling was performed on day-1, during Conc I on day 7 and day 12 and during Conc II on day 27 and day 32, resulting in five sampling days per run in total. On each sampling day the sampling was carried out at three time points (TP): before the morning feeding (05:30, TP 0), four hours after the morning feeding (12:00, TP 4) and eight hours after the morning feeding (16:00, TP 8). The cow sampling order was randomly assigned for each sampling day to avoid bias. This sampling protocol resulted in 480 measurements for FRL and PARL each for the whole experiment. The exact pH measurement times were noted during the sampling procedure. To compare the pH value of the bolus to the corresponding manual measurement value of FRL and PARL, the 15-min summary that was closest to the manual measurement time point was chosen.
Statistical analysis
The ANOVA was performed using the PROC MIXED model of SAS (version 9.2, SAS Inst., Cary, NC). To determine possible differences between the three sampling locations, the pH measurement methods (bolus, FRL, PARL), feeding phases (RD, Conc I, Conc II) and time points (TP 0, TP 4, TP 8) were considered as fixed effects. To give a comprehensive overview of the three feeding phases, the two sampling days in each Conc phase were nominated as Conc I and Conc II. Possible interactions between pH measurements and sampling times (method x phase; method x TP; phase x TP) and also the threefold interaction (method x phase x TP) were analysed. To consider repeated measurements on different days, different TP and different feeding phases, a compound-symmetry variance-covariance structure was used. Cows nested within one run were considered as random effects.
Comparisons among the least square means were made using the Tukey's method. Effects were considered as significant with p < 0.05 and as a trend with 0.05 ≤ p ≤ 0.10. Correlations between the pH values of the bolus and FRL or PARL were analysed using Pearson correlation coefficient and Lin's concordance correlation coefficient (CCC) (NLMIXED model of SAS). The CCC provides additionally to the precision, which is represented by the Pearson correlation coefficient (r), the accuracy of the method using a bias correcting factor (C b ). In other words, the r measures how far each observation deviates from the best-fit line and the C b how far the regression line deviates from the ideal 45°line. The C b ranges from 0 to 1, with a value of 1 indicating the full agreement with the ideal line. Thus, the CCC enables the evaluation of the reproducibility of pH measurements of the bolus in comparison with FRL and PARL (Lin, 1989) . According to Hinkle et al. (2003) , the r and CCC were interpreted as follows: 0.00-0.30 as negligible; 0.30-0.50 as low; 0.50-0.70 as moderate; 0.70-0.90 as high and 0.90-1.00 as substantial. The scale shift (l) and the location shift (v) were also calculated. The scale shift expresses the difference between two standard deviations (SD). The more l is below or above 1, the greater is the difference between the SD. The location shift is calculated by the difference of the means divided by the root of SDs, with a negative v indicating overestimation and a positive v an underestimation.
To quantify the overall relationship between the pH measured with the boli and the pH of the FRL and PARL, respectively, prediction equations using linear regression analysis (PROC REG of SAS) were calculated. To calculate the value for a SARA threshold for the boli in the reticulum, in accordance with the measurements in FRL, only data obtained during the Conc I and Conc II feeding periods were used for regression analysis.
Results and discussion
From a technical point of view, the boli worked accurately for 60 days on average, with a broad time span from only 1 day up to 147 days of accurate readings. In total 28 boli were used in the whole experiment of four separate runs. Problems that occurred with the boli were related to battery failure (three boli), drift (six boli) and sudden, unknown system failure during the ongoing experiment (11 boli). Despite the loss of 26 data points, our still high sample size of n = 454 for each sampling location provided enough data for high statistical power. The data download with the eCow handset worked best with the antenna placed under the sternum of the cow or on the left-hand side of the cow. We performed data download every day, which might has led to battery and software failure in some cases. However, in our experiment it was essential to download the pH data every day to constantly monitor the feeding effect on ruminal pH. For usage under field conditions we recommend to do a less frequent download to conserve the system and to save time, as it takes the user around 2 -5 min per cow to download data of 24 h.
The mean pH was consistently higher in the reticulum, followed by FRL and PARL (overall pH 6.62 AE 0.02, 6.43 AE 0.02 and 6.18 AE 0.02 (SEM), respectively) during all three sampling phases ( Fig. 3 and Table 1 ). These results are in accordance with previous literature reports, summed up in a review of Zebeli et al. (2012) . Also Falk et al. (2016) , who used the same bolus system as in this study, found higher pH values in the reticulum than in the rumen, with the note that their rumen measurement system did not stay in the ventral rumen sac all the time.
Looking at overall pH values for the three feeding phases, the reticulum showed significantly (p < 0.05) different pH levels for RD, Conc I and Conc II. The FRL and PARL stayed at the same level in Conc I and Conc II and only showed significant difference (p < 0.05) between Conc and RD.
Over the whole feeding experiment, the fixed effects feeding phase, sampling location and time point and their interactions (phase x location, phase x TP, location x TP) had significant influence on the pH readings (p ≤ 0.01). Looking at the three feeding phases, in the RD the pH measured in the reticulum, FRL and PARL showed the numerical pH differences in the order as described previously, but without significant difference between the three TP (p > 0.6). However, when the concentrate level reached 65%, the pH of the reticulum, the FRL and the PARL differed significantly for almost all TP (p < 0.05). Only the pH measured in the reticulum and FRL was not significantly different, or showed only a trend in both Conc I and Conc II for TP 0 and TP 4 (Fig. 3) . These findings emphasize the effect of the accumulation of VFA during Conc in the different rumen locations as described previously (Zebeli et al., 2012) . Also the diurnal pH trend was influenced by the concentrate level in the diet. For instance, in the RD no significant differences between the three time points were noticed within the three sampling locations. On the opposite, in both Conc phases, the diurnal trend changed with time of the day, with all three locations showing the same pattern. While the pH at TP 0 and TP 4 did not significantly differ, a significant decrease at TP 8 was found in relation to the earlier samplings (p < 0.001). Diurnal pH changes for different feeding regimens have been described previously by several authors, showing a drop of pH during the day and higher levels during night-time (Kimura et al., 2012; Falk et al., 2016) . Diurnal pH variations emphasize the need of constant monitoring of ruminal pH instead of single measurements to identify cows with SARA.
Referring to correlation analysis, Pearson correlation coefficient showed high correlations between bolus and FRL (r = 0.832) and bolus and PARL (r = 0.799) ( Table 1 ). The CCC was high for bolus-FRL and moderate for bolus-PARL associations, with 0.733 and 0.510 respectively. The high r indicates high precision of predicting the pH in both PARL and FRL with the bolus. The accuracy (C b ) for predicting PARL with the bolus was lower than for FRL, which caused the lower reproducibility. This can be explained by the higher difference of the pH between bolus and PARL due to a higher VFA amount in the PARL than in the FRL. These findings are reflected by the negative location shift for both FRL and PARL (À0.449 and À0.972, respectively), with PARL being Fig. 3 The pH profile of the three different sampling locations (reticulum measured with boli; free-rumen liquid (FRL) and particle-associated rumen liquid (PARL) measured with a conventional pH electrode) during the three feeding phases (roughage-only diet (RD), 65% concentrate I (Conc I) and 65% concentrate II (Conc II), after a 7-day break with only forage after Conc I). Measurements were conducted at three sampling time points (before morning feeding, as well as 4 and 8 h thereafter). Data are presented as least square means, and error bars indicate the SEM. more overpredicted by the bolus than FRL (Table 1) . Calculating the scale shift l, we were able to show that the bolus had the smallest SD and the SD of PARL differed more (l = 0.650) than the SD of FRL (l = 0.774). A lower SD for the pH in the reticulum can be explained by the smaller size of the reticulum and the more homogenous content in relation to the rumen as well as the constant position of the bolus. Klevenhusen et al. (2014) , who used a different pH measurement system, but a similar feeding model, had a high CCC for FRL but only a low CCC for PARL. Our higher reproducibility could result from our much higher sampling number, a lower scale shift (Klevenhusen: l = 1.019 for FRL, l = 1.275 for PARL) and the strict exclusion of drifting boli to provide high measurement precision. Falk et al. (2016) used the same pH measurement system for the reticulum as used in our study, but their feeding model showed no influence on pH trends and they did not provide any information about correlations between reticular and ruminal pH values. The quantitative relationship of the pH in FRL and PARL to the pH of the boli was described by linear regression analysis (Fig. 4) . The prediction equation for calculating from a known reticular pH to the corresponding FRL pH was pH FRL = 1.0746 9 pH BOLUS -0.6795 and for PARL pH pH PARL = 1.229 9 pH BOLUS -1.9549. Because we used both forageonly and high-concentrate levels for a long and intermittent time span in our diet, these estimations cover a broad range of pH in the FRL and PARL and are well conferrable to field conditions. However, our study showed that the differences of pH values between different locations in the reticulorumen change with the diet composition. During the RD numerical differences were only little for bolus vs. FRL and bolus vs. PARL with 0.08 AE 0.01 (SEM) and 0.19 AE 0.12 (SEM), respectively, and did not significantly differ. On the other hand, when the concentrate level in the diet was elevated, mean differences increased to 0.18 AE 0.02 (SEM) for bolus vs. FRL and 0.44 AE 0.02 (SEM) for bolus vs. PARL in Conc I and 0.24 AE 0.02 (SEM) for bolus vs. FRL and 0.55 AE 0.03 for bolus vs. PARL in Conc II. These findings result in an overall mean pH difference of 0.31 AE 0.01 (SEM) between reticulum and rumen. Falk et al., 2016 , who also used the eCow system, found a smaller pH difference between rumen and reticulum (0.24 AE 0.08). This smaller difference can be explained by the fact that they only considered the ventral rumen sac as comparative rumen site, although their rumen system did not stay in the same position all the time.
Due to the divergence of the pH between the boli measurements in the reticulum and the pH electrode measurements in the rumen when changing from RD to Conc, we only used data collected during the Conc I and Conc II feeding periods to establish the SARA threshold of the reticulum that corresponds to the SARA pH threshold 5.8 in the FRL. This analysis revealed the following relationship: pH FRL = 1.0509 x pH BOLUS -0.5441, thus suggesting a reticular pH of 6.04 AE 0.021 (SEM) with a 95% confidence interval of 6.01 -6.06 as a corresponding SARA threshold to a pH of 5.8 in the FRL.
Conclusions
Taking together, this study showed that the mean reticular pH measured with indwelling sensors was consistently higher than the pH measured in the rumen, especially compared with PARL, whereby the differences became stronger during the concentrate feeding. The study determined that the reticular pH of the eCow boli can predict changes of the FRL with a reproducibility of 73.3%. Under the assumption of a pH threshold of 5.8 in the FRL as reliable indicator of SARA, we recommend to use threshold of pH 6.0 as SARA indicator when using pH measurements of indwelling sensors in the reticulum. 
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